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PUBLIC SUMMARY
- The distance effect is an interesting and important topic

in catalysis

- The distance of Ni-Pt dual sites is precisely controlled in
subnanometer scale on a TiO2/Pt/TiO2/Ni/TiO2 five-layer
catalyst by ALD

- The distance controls the water-assisted hydrogen
transfer, determining the overall efficiency of the tandem
reaction

- A close distance in subnanometer induces more active
sites for hydrogen transfer and efficient synergy of Ni and
Pt sites
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Unveiling the distance effect between different sites in multifunctional
catalysts remains a major challenge. Herein, we investigate the distance
effect by constructing a dual-site distance-controlled tandem catalyst
with a five-layered TiO2/Pt/TiO2/Ni/TiO2 tubular nanostructure by tem-
plate-assisted atomic layer deposition. In this catalyst, the Ni and Pt
sites are separated by a porous TiO2 interlayer, and the distance between
them can be precisely controlled on the subnanometer scale by altering
the thickness of the interlayer, while the inner and outer porous TiO2

layers are designed for structural stability. The catalyst exhibits superior
performance for the tandem hydrazine hydrate decomposition to
hydrogen and subsequent nitrobenzene hydrogenation when the Ni
and Pt site distance is on the subnanometer level. The performance in-
creases with the decrease of the distance and is better than the catalyst
without the TiO2 interlayer. Isotopic and kinetic experiments reveal that
the distance effect controls the transfer of active hydrogen, which is the
rate-determining step of the tandem reaction in awater solvent. Reduced
Ti species with oxygen vacancies on the TiO2 interlayer provide the
active sites for hydrogen transfer with -Ti-OH surface intermediates
via the continuous chemisorption/desorption of water. A smaller dis-
tance induces the generation of more active sites for hydrogen transfer
and thus higher efficiency in the synergy of Ni and Pt sites. Our work pro-
vides new insight for the distance effect of different active sites and the
mechanism of intermediate transfer in tandem reactions.

KEYWORDS:DISTANCE EFFECT; DUAL SITES; HYDROGENTRANSFER;
INTERLAYER; TANDEM CATALYST
INTRODUCTION
“One-pot” tandem catalysis, in which multiple catalysts and reagents are

combined in a single reactor for precisely staged catalytic steps, can reduce
energy loss, waste, and time, resulting in economic and environmental ben-
efits in the synthesis of chemicals.1 It is highly desirable to design highly effi-
cient multifunctional heterogeneous catalysts for tandem catalysis.2–4 In a
tandem catalyst, multiple functional sites are combined to accommodate
the same reaction conditions and realize the couple of individual reactions
with high efficiency in the transfer of active intermediates between functional
sites. Currently, it is still challenging to determine the distance effect on the
transfer mechanism of intermediates due to the limitations in precisely con-
trolling the distance between different active sites at the subnanoscale by
traditional methods.

Spatial isolation of complementary functional sites with an appropriate
distance affords control over the reaction sequence and paths in tandem
catalysis. For example, in amixture of zeolite Y and alumina binder, the selec-
tivity in cracking large hydrocarbons for high-quality diesel production is opti-
mized when Pt nanoparticles are located on the binder with nanoscale sep-
aration rather than directly on zeolite Y with no separation.5 In some cases,
intermediates without enough stability may be transformed into new useful
products by quickly entering a subsequent catalytic cycle before decomposi-
tion.2 For example, the highly selective formation of olefins from syngas is
enabled by a physical mixture of ZnCrOx andMSAPO zeolite through the gen-
eration of a C* (CH2CO) intermediate on ZnCrOx followed by the intermediate
ll
transfer and transformation in zeolite to olefins.6 Similar coupling ap-
proaches of oxides (ormetal) and zeolites were utilized in CO2 hydrogenation
to liquid fuels7 or olefins8 and syngas to isoparaffin,9 dimethyl ether,10 or ar-
omatics.11,12 Although the isolation of different active sites and distance play
a key role in a high-efficiency tandem catalyst, the transfer of intermediates
and the distance effect are not clear due to the limited methodologies in dis-
tance control between functional sites in a tandem catalyst.

Atomic layer deposition (ALD) is a high-level film growth technology that
relies on two sequential self-limiting surface reactions.13,14 The unique self-
limiting character makes ALD capable of constructing nanomaterials with
high conformity, good spatial uniformity, and atomic thickness control of
films.15,16 In recent decades, advanced catalysts were synthesized by pre-
cisely controlling the size, interface, and pore structures via ALD at the atomic
and molecular levels.17–24 Moreover, ALD strategies have been developed to
design and synthesize well-defined catalysts with complex functional struc-
tures, such as confined catalysts,25–27 sandwich catalysts,28 catalysts with
spatially separatedmetal structures,29,30 tube-in-tube catalysts,31 and encap-
sulated catalysts.21 The confinement effect, the function of the metal-oxide
interface, and the synergy effect have been well investigated and revealed
in these catalytic systems.

Herein, the distance effect is investigated by developing a well-defined
tubular five-layer tandem catalyst (TiO2/Pt/TiO2/Ni/TiO2) via template-assis-
ted ALD to precisely tailor the distance between the metal sites on the sub-
nanometer scale (Scheme 1). Pt and Ni nanoparticle layers were embedded
in and separated by a porous titanium oxide layer. The distance between the
Ni and Pt layers can be precisely controlled by altering the ALD cycle number
of the TiO2 interlayer. The distance effect and function of the interlayer on
hydrogen transfer were evaluated using hydrazine hydrate (N2H4$H2O)
decomposition to hydrogen and subsequent nitrobenzene hydrogenation
as the probe tandem reaction. In particular, the Ni and Pt layers catalyze
only hydrazine hydrate decomposition and nitrobenzene hydrogenation,
respectively. Compared with TiO2/Pt/Ni/TiO2 with no interlayer, tube-in-tube
TiO2/Pt|Ni/TiO2, single-metal TiO2/Pt/TiO2 and TiO2/Ni/TiO2, and a mixture
of TiO2/Pt/TiO2 and TiO2/Ni/TiO2, the TiO2/Pt/TiO2/Ni/TiO2 five-layer catalyst
exhibits higher activity in the tandem reaction. Moreover, the catalytic activity
decreaseswith increasing interlayer thickness and is optimized over TiO2/Pt/
10TiO2/Ni/TiO2 (0.6 nm distance). The enhanced activity is ascribed to the
enhancement of active hydrogen transfer between twometal layers. The wa-
ter solvent participates in the key step of hydrogen transfer on the TiO2

interlayer.
RESULTS
Synthesis and Characterization of the Distance-Controlled Dual-Site
Tandem Catalyst

To investigate the distance effect of dual sites in the tandem reaction, we
designed a five-layer catalyst with a TiO2/Pt/yTiO2/xNi/TiO2 structure as an
example. It was prepared by sequentially depositing an inner TiO2 layer
(300 cycles), NiO (x cycles, x = 300), a TiO2 interlayer (y cycles, y = 0, 10,
20, 30, 50, and 100), Pt (20 cycles), and an outer TiO2 layer (300 cycles) by
the template-assisted ALD method using carbon nanofibers (CNFs) as tem-
plates, followed by calcination in air and reduction in H2/Ar. The inner and
The Innovation 1, 100029, August 28, 2020 1
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Scheme 1. Schematic Illustration of the Synthesis Process of the TiO2/Pt/TiO2/Ni/TiO2 Distance-Controlled Dual-Site TandemCatalyst by ALD. For control experiments,
TiO2/Ni/TiO2 without a Pt layer and TiO2/Pt/TiO2 without a Ni layer are prepared by omitting Pt ALD and Ni ALD, respectively. In addition, a TiO2/Pt|Ni/TiO2 catalyst with a
tube-in-tube structure is synthesized using polyimide as an interlayer followed by calcination in air and reduction in hydrogen.
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outer TiO2 layers (with a fixed thickness) are used to maintain the structural
stability of the catalyst, since the thickness of the TiO2 interlayer is limited,
particularly for distance control at the subnanometer level. The TiO2 interlayer
is used to separate the Ni and Pt sites. The distance between the Ni and Pt
sites can be precisely controlled by changing the ALD cycle number (y) of the
TiO2 interlayer with an average growth rate of 0.06 nm/cycle. In addition,
other catalysts were also synthesized by the same method for comparison.
For instance, TiO2/Ni/TiO2 without a Pt layer, TiO2/Pt/TiO2 without a Ni layer,
and TiO2/Pt/Ni/TiO2 without a TiO2 interlayer were prepared by omitting the
ALD process for the Pt, Ni, and TiO2 interlayers, respectively. In addition, a
TiO2/Pt|xNi/TiO2 catalyst with a tube-in-tube structurewas preparedwith pol-
yimide as the interlayer followed by calcination in air and reduction in H2/Ar,
and the movable inner tube results in an undefined distance and possible
instant contact between two metal sites.

As revealed by transmission electron microscopy (TEM) (Figures 1 and
S1), all the catalysts show a similar sandwiched structure. A 3.0 nm TiO2

interlayer is observed for TiO2/Pt/50TiO2/Ni/TiO2 (Figures 1A and 1B), which
is in accordance with the deposition rate of TiO2 (0.06 nm/cycle). However,
the thickness of the TiO2 interlayer between Pt and Ni is too thin to be
observed for TiO2/Pt/10TiO2/Ni/TiO2 and TiO2/Pt/30TiO2/Ni/TiO2. The Pt
particles (0.4 wt%, ICP-OES) and Ni particles (1.4 wt%, ICP-OES) are not
clearly visible due to their low content, small particle size, and reduced
contrast due to these TiO2 layers. Furthermore, a cross-sectional slice of
TiO2/Pt/10TiO2/Ni/TiO2 along the direction perpendicular to the tube was
prepared by focused ion beam milling. The cross-section of the five layers
of TiO2/Pt/10TiO2/Ni/TiO2 is clearly observed in Figures 1C and 1D. The elec-
tronic structure of the TiO2 interlayer and the inner and outer layers on this
slice was also characterized by electron energy loss spectroscopy (EELS)
measurements (Figure 1E). Typically, the inner and outer TiO2 layers exhibit
two similar L2 and L3 peaks of Ti (4+) species at 464.9 and 459.6 eV, while
an obvious redshift (0.5 eV) of Ti-L2 and Ti-L3 peak of reduced Ti(3+) species
are detected for the region at the TiO2 interlayer.32,33 In addition, the high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive X-ray (EDX) spectrometry images of
2 The Innovation 1, 100029, August 28, 2020
TiO2/Pt/50TiO2/Ni/TiO2 further indicate the distinguished five-layer structure
and the homogeneous distribution of Ti, Ni, and Pt compositions (Figure 1F).
These results confirm that the distance between the Ni and Pt dual sites can
be precisely controlled depending on the designed five-layer catalyst
structure.

The physicochemical properties of the catalysts were characterized by
various technologies. First, N2 physical absorption revealed that the
pore structure is similar for TiO2/Pt/yTiO2/Ni/TiO2 (y = 10–100) and TiO2/
Pt/Ni/TiO2 (Figure S2; Table S1). The surface area and average Barrett-Joy-
ner-Halenda pore diameter are approximately 35–36 m2/g and 3.6–3.7 nm,
respectively, for different samples (Table S1). Nanopores are formed during
calcination due to the crystallization of TiO2.

28 Second, the loading of Ni
(1.39–1.41 wt%) and Pt (0.39–0.41 wt%) is also similar for TiO2/Pt/yTiO2/
Ni/TiO2, TiO2/Pt/TiO2, and TiO2/Ni/TiO2. Third, only diffraction peaks of the
anatase phase and no diffraction peaks of Pt and Ni are observed in the
X-ray diffraction (XRD) patterns of different catalysts due to the low content
and high dispersion of these two metals (Figure S3). Fourth, the number of
surface-active sites for hydrogen adsorption measured by hydrogen pulse
adsorption at 30�C are also similar over different catalysts (Table S1). The
similar pore structure, metal loadings, crystal structure, and the number of
the active site for hydrogen adsorption are critically important for reliably
revealing the distance effect and the functions of the interlayer.

X-ray absorption near edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy were conducted to illustrate the
electronic structure of Pt and Ni species. In the Ni K-edge XANES spectra,
the white lines for TiO2/Pt/yTiO2/Ni/TiO2 and TiO2/Ni/TiO2 are higher but
rather similar to that of the Ni foil (Figure 2A), indicating the presence of
both metallic Ni and Ni oxide species.34 The edge features of the Pt L3-
edge for TiO2/Pt/yTiO2/Ni/TiO2, TiO2/Pt/Ni/TiO2, andTiO2/Pt/TiO2 are similar
to those of the Pt foil, indicating the dominant metallic Pt (Figure 2B). Fourier
transform of EXAFS spectra in r space and corresponding fitting results are
shown in Figures 2C and 2D and Tables S2 and S3. The Pt-Ni bond from the
alloy is observed only for TiO2/Pt/Ni/TiO2 without the TiO2 interlayer. Thus,
reliable spatial isolation of the Ni and Pt layers is realized even by a
www.cell.com/the-innovation
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Figure 1. Structural Characterization of the Catalyst. (A and B) TEM images of TiO2/Pt/50TiO2/Ni/TiO2. (C and D) TEM image of the cross-sectional slice of TiO2/Pt/
10TiO2/Ni/TiO2 prepared by focused ion beammilling and the corresponding area for the EELS line scan. (E) Selected Ti-L-edge EELS spectra recorded at positions 1–7 in
(D). (F) STEM image and STEM-EDX element mapping of the Ni-L-, Ti-L-, and Pt-L-edges of TiO2/Pt/50TiO2/Ni/TiO2.
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subnanometer-thick TiO2 interlayer for TiO2/Pt/10TiO2/Ni/TiO2. Furthermore,
the low coordination number of Ni and Pt species in the fitting results indi-
cates the formation of small metallic Ni and Pt subnanoclusters,35 and the
coordination structure of the two metals is nearly unchanged with the thick-
ness of the interlayer.

Catalytic Performance and Distance Effect of the Dual-Site Tandem
Catalyst

On the basis of a precisely designed catalyst structure, the distance effect
between Pt andNi layers has been investigated by applying tandem hydroge-
nation of nitrobenzene toaniline usingN2H4$H2Oas ahydrogen source inwa-
ter as a perfect model reaction, since the Ni layer can catalyze the decompo-
sition of N2H4$H2O to produce hydrogen,36 while the Pt layer can catalyze
nitrobenzene hydrogenation efficiently. The different functions of the Ni
and Pt layers have been clearly confirmed for the two single reactions by con-
trol experiments (Figure S4). In the tandem reaction, the TiO2/Pt/10TiO2/Ni/
TiO2 catalyst exhibits remarkably higher activity (24.8mmol gCat.

�1 h�1) than
other catalysts with different structures, including TiO2/Pt/TiO2 (2.4 mmol
gCat.

�1 h�1) and TiO2/Ni/TiO2 (2.5 mmol gCat.
�1 h�1) with one metal layer,

TiO2/Pt/Ni/TiO2 without an interlayer (16.3 mmol gCat.
�1 h�1), a physical

mixture of TiO2/Pt/TiO2 and TiO2/Ni/TiO2 (5.8 mmol gCat.
�1 h�1), and TiO2/

Pt|Ni/TiO2 with a tube-in-tube structure (9.3 mmol gCat.
�1 h�1) (Figures 3A

and S5). This indicates the advantages of the spatially isolated Pt and Ni
layers with an ultrathin TiO2 interlayer. We calculated the H2 consumption
rate (74.3 mmol gCat.

�1 h�1) in the tandem catalysis reaction, which is
more than 100 times higher than the H2 generation rate from the single
decomposition reaction of N2H4$H2O (0.62 mmol gCat.

�1 h�1) over the
same TiO2/Pt/10TiO2/Ni/TiO2 catalyst (Figures 3A and S4). Thus, hydrogen
generation is accelerated during the tandem reaction. The influence of the
distance between the Pt and Ni layers is conveniently investigated by pre-
cisely changing the thickness of the TiO2 interlayer. As shown in Figure 3B,
the tandem catalytic activity increases as the ALD cycle number of the
TiO2 interlayer decreases from 100 to 10, and TiO2/Pt/10TiO2/Ni/TiO2 ex-
hibits the highest activity, indicating that a short distance is favorable for
ll
the high catalytic activity in this tandem reaction, while the formation of a
Ni-Pt alloy must be avoided. Since the selectivity of aniline is 99% for all the
tested catalyst, the distance only influences the catalytic activity in the tan-
dem reaction. Furthermore, the effects of the size of the Ni component
and interlayer materials on the catalytic performance have also been investi-
gated. The same tendency is also observed when decreasing the ALD cycle
number of the Ni layer from 300 to 100 for the five-layer catalysts. When
porous Al2O3 or ZnO with different thicknesses were deposited as the inter-
layer (Figures 3C and S6), the activity in the tandem reaction was very low.
In addition, the reusability of TiO2/Pt/10TiO2/Ni/TiO2 was tested. It exhibited
nearly similar activity for five consecutive recycling runs, indicating its
outstanding stability (Figure 3D). These results indicate that highly efficient
synergy between the Ni and Pt sites at the subnanometer scale is generated
by separating the two metal sites with an ultrathin reducible TiO2 interlayer.

Transfer Mechanism of Active Hydrogen from Ni to Pt Sites
In the tandem reaction, the active hydrogen generated from the decompo-

sition of N2H4$H2O on the Ni layer needs to be transferred to the Pt layer for
hydrogenation since the Ni and Pt sites of TiO2/Pt/yTiO2/Ni/TiO2 are sepa-
rated by the TiO2 interlayer. The distance effect may be due to a change in
the transfermechanismofactivehydrogenduring the tandemreaction.Toun-
veil the transfer mechanism of active hydrogen, isotopic experiments were
then conducted to investigate the kinetic isotope effect using D2O/ethanol
as the solvent over the TiO2/Pt/10TiO2/Ni/TiO2 catalyst. At first, for single re-
actions, D2O has nearly no isotope effect on either N2H4$H2O decomposition
or nitrobenzene hydrogenation in H2 due to the low kH2O=kD2O of approxi-
mately 1 (Figures 4A and 4B). However, there is an obvious activity decrease
inD2O/ethanol in the tandem reaction and ahigh kH2O=kD2O of 2.8 (Figure4C).
Further gas chromatography-mass spectrometry analysis shows that
C6H5NDH (m/z = 94, 41.8%) and C6H5ND2 (m/z = 95, 41.0%) are the main
products of the tandem reaction in D2O/ethanol over the TiO2/Pt/10TiO2/
Ni/TiO2 catalyst (Figures S7 and S8;Table S4). It can be seen that 62% of
hydrogen atoms for the hydrogenation step are from D2O instead of
N2H4$H2O. Therefore, it can be inferred that the active hydrogen transfer
The Innovation 1, 100029, August 28, 2020 3



Figure 2. Electronic Structure of the Catalysts. The normalized intensity of XANES spectra for (A) Ni K and (B) Pt L3. The normalized intensity of Fourier transform
weighted EXAFS spectra for (C) Ni K and (D) Pt L3.
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involving cleavage of the O-H bond in the H2O solvent is the rate-determining
step in the tandem reaction over the TiO2/Pt/10TiO2/Ni/TiO2 catalyst.

Isotopic experiments for the tandem reaction were also conducted for
different five-layer catalysts to reveal the influence of the thickness of the
TiO2 interlayer on hydrogen transfer. The kH2O=kD2O value decreased from
2.8 to 1.5 as the ALD cycle number of the TiO2 interlayer increased from
10 to 300 (Figure 4D). This indicates that the active hydrogen transfer
involving cleavage of the O-H bond is dramatically changed with the thick-
ness of the TiO2 interlayer. In principle, the decrease in the isotope effect is
related to the decrease in activation energy and/or active site number on
the interlayer for hydrogen transfer.37 However, the dynamic experiments
show that the calculated apparent activation energy is almost unchanged
over different five-layer catalysts (Figure S9). This implies that the extent of
water participation involving cleavage of theO-Hbond during active hydrogen
transfer is dramatically changed with the thickness of the TiO2 interlayer.
Thus, the decrease in the isotope effect indicates the decrease in active sites
for hydrogen transfer on a thick TiO2 interlayer. The corresponding perfect
linear relationship between kH2O=kD2O and the reaction rate shown in Fig-
ure 4E further confirms this conclusion.

DISCUSSION
Althoughmany technologies have been developed for the distance control

and spatial isolation of different functional sites, there is still no report on the
precise control of the distance on the subnanometer scale to reveal the dis-
tance effect. In this work, the distance between theNi and Pt layerswas regu-
lated precisely on the subnanometer scale by changing the thickness of the
interlayer. The distance effect was revealed using the tandemdecomposition
of N2H4$H2O and hydrogenation of nitrobenzene as a model reaction. In this
system, the Ni layer catalyzes only the decomposition of N2H4$H2O, while the
hydrogenation of nitrobenzene proceeds on the Pt layer. The synergy of the
two metal layers dramatically increases the activity in the tandem reaction
and is enhanced with a short distance through a more efficient path. In
this path, the active hydrogen atoms generated from the decomposition of
4 The Innovation 1, 100029, August 28, 2020
N2H4$H2O on the Ni layer are instantly transferred to the Pt layer for hydroge-
nation instead of desorption to produce H2 molecules for the hydrogenation
step. The strong isotope effect of D2O indicates that the active hydrogen
transfer step via the dissociation and formation of the O-H bond on the sur-
face of the TiO2 interlayer predominantly determines the efficiency of the
overall tandem reaction. A linear relationship between the kH2O=kD2O value
and the reaction rate and unchanged apparent activation energy over the
five-layer catalysts with different thicknesses of the TiO2 interlayer indicates
that the number of active sites for hydrogen transfer increases with
decreasing thickness of the TiO2 interlayer.

According to the EELS characterization,more reduced Ti oxide species (%
3+) with oxygen vacancy defect sites (VO sites) are generated on the thinner
TiO2 interlayer. Furthermore, H2 temperature-programmed reduction
(H2-TPR, Figure S10) results show that the reduction of TiO2 shifts to lower
temperatures for the five-layer catalyst with a thinner interlayer, indicating
the formation of more reduced Ti oxide species with a thinner layer. These
VO sites on anatase TiO2 can interact and coexist with water molecules.38

With the assistance of the VO sites and reduced Ti oxide species, the water
molecules will easily interact with the surface O atoms of the TiO2 interlayer
to form surface O-H species (H2O + -Ti-VO- + -Ti-O-/ -Ti-OH)38,39 and are ex-
pected to continuously adsorb/desorb on thewater/TiO2 interface facilitating
hydrogen transfer. The hydrogen transfer can be well coupled with the spill-
over of active hydrogen at the metal-oxide interface with the -Ti-OH surface
intermediate.40 Therefore, we propose a plausible mechanism for active
hydrogen transfer on the five-layer catalyst as shown in Figure 5. The active
hydrogen atoms from the decomposition of N2H4$H2O (H-Ni) transfer from
the Ni layer to the TiO2 interlayer and further to the Pt interlayer for hydroge-
nation. Considering that the spillover of hydrogen is easy at the metal-oxide
interface, the transfer of hydrogen on the interlayer with the aid of water pre-
dominantly determines the overall reaction rate of the tandem reaction. Since
the reducibility of Al2O3 and ZnO is not comparable with that of TiO2, the syn-
ergistic effect is considerably decreased due to less available surface O-H
species when they are used as the interlayers. Therefore, both proper
www.cell.com/the-innovation
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Figure 3. Catalytic Performance. (A) Tandem catalytic performance for nitrobenzene hydrogenation using N2H4$H2O as the hydrogen source over TiO2/Ni/TiO2, TiO2/Pt/
TiO2, a physical mixture of TiO2/Ni/TiO2 and TiO2/Pt/TiO2, TiO2/Pt|Ni/TiO2, TiO2/Pt/Ni/TiO2, and TiO2/Pt/10TiO2/Ni/TiO2. (B) The influence of the interlayer thickness and
Ni content of TiO2/Pt/yTiO2/xNi/TiO2 on the catalytic activity. (C) Comparison of the catalytic performance of TiO2/Pt/10TiO2/Ni/TiO2, TiO2/Pt/10ZnO/Ni/TiO2, and TiO2/
Pt/10Al2O3/Ni/TiO2 with different interlayers for the tandem reaction. (D) Recycling tests of TiO2/Pt/10TiO2/Ni/TiO2 in the tandem reaction.
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distance and medium for the transfer of active intermediates are critically
important for the efficient synergy of dual-site tandem catalysts.

Conclusions
In summary, we successfully revealed the distance effect of Ni andPt sites

in the tandem reaction by developing a TiO2/Pt/TiO2/Ni/TiO2 five-layer cata-
lyst with a precise thickness-controlled TiO2 interlayer. Higher efficiency on
the tandem reaction is observed with a small distance on the subnanometer
scale. The distance effect controls the transfer of active hydrogen, which is
the rate-determining step of the tandem reaction in water. The reduced Ti
species with oxygen vacancies on the TiO2 interlayer provide the active sites
for hydrogen transfer with the -Ti-OH surface intermediates via the contin-
uous chemisorption/desorption of water. A smaller distance induces more
active sites for hydrogen transfer and higher efficiency in the synergy of Ni
and Pt sites.

MATERIALS AND METHODS
ALD

The ALD processes of TiO2, Pt nanoparticles, NiO, polyimide, Al hybrid film, and ZnO
were conducted at a hot-wall closed chamber-type ALD reactor with different ALD pro-
cesses as we have described.31 The Al-hybrid filmwas deposited at 180�Cwith trime-
thylaluminum (TMA) and ethylene glycol (EG) (80�C) as precursors. The pulse, expo-
sure, and purge time were 0.02, 8, and 25 s for TMA and 1, 10, and 25 s for EG,
respectively. Porous Al2O3 film is obtained after the calcination of the Al-hybrid film.
The deposition of ZnO was conducted at 180�C with diethylzinc and deionized water
as precursors. The pulse, exposure, and purge time were 0.02, 8, and 25 s for diethyl
zinc and 1, 10, and 25 s for H2O, respectively.

Catalysts Preparation
All catalystswere prepared by template-assistedALD.Typically, TiO2/Pt/yTiO2/xNi/

TiO2 was prepared by the sequential deposition of 300 cycles TiO2, x cycles Ni (x = 100
ll
or 300), y cycles TiO2 interlayer (y = 10–100), 20 cycles Pt, 300 cycles TiO2 on CNFs,
followed by calcination in the air to remove the CNFs at 450�C for 1.5 h and then
reduced in 5% H2/Ar at 380�C for 2 h. Typically, the 20 mg of CNFs were dispersed
into the alcohol and uniformly spread over a quartz wafer (83 8 cm). After the evap-
oration of ethanol, the quartz wafer with CNFs was transferred to the ALD chamber.
For the five-layer catalyst, about 30 mg of catalysts are obtained after the calcination
to remove the CNFs for every ALD process. TiO2/Ni/TiO2 and TiO2/Pt/TiO2 with one
metal layer and TiO2/Pt/Ni/TiO2 with no interlayer were prepared by a similar method.
TiO2/Pt/ZnO/Ni/TiO2 and TiO2/Pt/Al2O3/Ni/TiO2 were prepared by changing the inter-
layer to ZnO or Al2O3. The TiO2/Pt|Ni/TiO2 with a tube-in-tube structure were synthe-
sized using polyimide as the sacrificial layer. The CNFs were synthesized at 280�C
by chemical vapor deposition using copper nanoparticles as catalyst and acetylene
as a feed gas.41 The CNFs were carbonized at 900�C in Ar and further treated by an
HNO3 aqueous solution (25 wt%) at 100�C before the deposition.

Catalysts Characterization
TEM and high-resolution TEM were conducted using a JEOL-2100F field emission

transmission microscope. HAADF-STEM images and EDX mapping profiles were
collected on an atomic resolution analytical microscope (JEOL ARM-200F) operated
at 200 kV. The XRD patterns were recorded using a Philips X'Pert Pro Super X-ray
diffractometer with Cu Ka radiation (l = 1.540 Å). N2 adsorption-desorption experi-
ments were performed on a BELSORP-Mini system at 77 K. The specific surface
area was determined using the Brunauer-Emmett-Teller method, and the pore size dis-
tributions were calculated by the Barrett-Joyner-Halenda method according to the
desorption branches. The XANES and EXAFS spectra of the Pt L3-edge and Ni
K-edge were measured on the BL14W1 beamline of the Shanghai Synchrotron Radia-
tion Facility, Shanghai Institute of Applied Physics, China, operated at 3.5 GeV.42 A Si
(111) double-crystal monochromator was used to reduce the harmonic component of
themonochrome beam. Pt foil, PtO2, and Ni foil were used as reference samples. The
XANES and EXAFS spectra of the Pt L3-edge were measured in fluorescence mode,
while the XANES and EXAFS spectra of the Ni K-edge were measured in transmission
mode. Hydrogen pulse adsorption experiments and H2-TPR were performed in a
tubular quartz reactor (TP-5080 Tianjin Xianquan, China). Typically, 50 mg of sample
was loaded and pre-treated at 380�C for 2 h in 10% H2/N2 flow, and then swept with
The Innovation 1, 100029, August 28, 2020 5



Figure 4. Isotope Experiments. (A) Isotope effect in the decomposition of N2H4$H2O to hydrogen over TiO2/Pt/10TiO2/Ni/TiO2. (B) Isotope effect in nitrobenzene hy-
drogenation using H2 (10 bar) as a hydrogen source over TiO2/Pt/10TiO2/Ni/TiO2. (C) Isotope effect in the tandem decomposition of N2H4$H2O and nitrobenzene hy-
drogenation over TiO2/Pt/10TiO2/Ni/TiO2. (D) The correlation between the ALD cycle number of the TiO2 interlayer and the kH2O=kD2O in the tandem reaction over TiO2/Pt/
yTiO2/Ni/TiO2. (E) The correlation between kH2O=kD2O and reaction rate over the TiO2/Pt/yTiO2/Ni/TiO2 five-layer catalysts in the tandem reaction (the number near the solid
square is the thickness value of the TiO2 interlayer).
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N2 at a flow rate of 40mL/min. H2 pulse adsorption was performed in N2 flow at 30�C
to test the number of activemetal sites. H2-TPRwas performed by heating the sample
from 30�C to 900�C at a ramp rate of 10�C/min in a 10% H2/N2 flow.
Catalytic Performance Tests
Tandem decomposition of N2H4$H2O and hydrogenation of nitrobenzenewas con-

ducted in a 25-mL stainless-steel autoclave. Typically, 240 mg nitrobenzene, 800 mg
N2H4$H2O, 10 mg catalysts, 5 mL deionized water, and 5 mL ethanol were added
Figure 5. Transfer Mechanism of Active Hydrogen on the TiO2 Interlayer by Water P

6 The Innovation 1, 100029, August 28, 2020
into the autoclave. After flushing with ultrahigh-purity Ar for three cycles, the reaction
proceeded undermagnetic stirring with a rate of 700 rpmat 30�C for 2 h. For recycling
tests of the TiO2/Pt/10TiO2/Ni/TiO2 catalyst in the tandem reaction, the reaction time
increases to 4 h for each run. After catalytic reaction, the catalysts were collected by
centrifugation, washing, drying, and reduction (380�C in 5%H2/Ar) for the next run dur-
ing the recycling tests. The liquid reaction products were analyzed by gas chromatog-
raphy (Zhejiang Full Chromatogram Analysis, China) equipped with a flame ionization
detector. The hydrogenation of nitrobenzene in H2 followed a similar procedure of tan-
dem reaction, except for changing the hydrogen source fromN2H4$H2O to 1.0MPaH2.
articipation in the Tandem Reaction
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The decomposition of N2H4$H2O was tested in a 25-mL three-necked flask; 800 mg
N2H4$H2O, 10 mg catalysts, and 10 mL deionized water were co-added into the flask
under magnetic stirring with a rate of 700 rpm at 30�C.
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